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Abstract
It is a common practice for any manufacturers to control the quality of their product in order to satisfy the customers’ needs. This 
is particularly important for most machined parts which require a stringent dimensional and geometrical control. Once a 
machined part is produced, an inspection process is carried out to check whether the part is within specified tolerances. The 
purpose of the inspection procedure is to ensure that the part will meet its functional and performance requirements in their
overall assembly. One of the most important tolerances to be controlled on a cylindrical machined part is the roundness error. A 
roundness measuring machine (RMM) and coordinate measuring machine (CMM) are the general metrological equipment used 
for inspection of roundness which normally performed in a quality room. This study aims to develop an in-line inspection of 
roundness error using machine vision. The system is developed with a machine vision (camera), work holding tools, lighting 
device and also image processing software for roundness evaluation. An automotive camshaft has been taken as a sample of the 
cylindrical part.
© 2014 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Organizing Committee of SysInt 2014.
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1. Introduction
Basically there are two main types of inspection generally performed by machining industries namely finish 
product inspection and in-line inspection. The main difference between these two inspection practices is that for the 
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finish product inspection, the work is performed at the end of the machining process in a special quality room. On 
the other hand, for the in-line inspection, the measurement is performed at the production site[1,2]. The main 
purpose of performing in-line inspection is to control and maintain high quality of machined part at the early stage 
of production. In post-process measurement, specific instrument or machines could be used to inspect the 
workpiece. Compared to in-process and in-situ measurement, the post process measurement is a time-consuming 
procedure and a specific inspection area [3].
In order to detect deviations from the nominal values or to detect the absence of vital parts or properties, the 
inspection process should be performed on-line. The main benefit with on-line inspection is that products out of 
tolerance are detected at an early stage in the manufacturing process. This means that products out of tolerance are 
prevented from further machining, handling, assembly, etc., resulting in less rework and scrap [4]. In addition, 
information on deviations from target values may be fed back to the process [5,6]. Variations in the form, size, 
position and smoothness of a feature are some of the errors that can occur in manufactured cylindrical components 
[7].
Machine vision has made great progresses in the past few decades [8]. A lot of industrial activities have benefited 
from the application of industrial vision inspection system. These activities include delicate electronics component 
manufacturing, quality textile production, printing, circuits manufacturing and many others [9].In the past, because 
of the expense of equipment and the limits of image resolution, machine vision technology was not extensively 
applied in industry. Through continuous improvement, the technology is maturing, daily. In recent years, as PCs 
have become more powerful and capable, and the resolution of CCD systems has been improved, machine-vision 
systems have been extensively implemented in many applications [10]. The selection and placement of cameras and
light sources is one of the most important steps in creating a successful vision system, because obtaining high-
quality images can greatly simplify the vision algorithms and improve their reliability [11].Advantages of visual 
inspection include: increased flexibility, speed, reliability, and productivity [12].From the first generation in the late 
1960s, advancements in machine-vision hardware and software have given users more reliable and affordable 
systems. The advantages of machine vision have extended to the areas of robot guidance and inspection of incoming 
parts or finished assemblies [13]. Many industrial applications have taken advantage of machine vision, including: 
inspection [14, 15], part identification [16], guidance and control [17]. 
Roundness is one of the basic geometric forms expected from circular features [18]. However, due to 
imperfections introduced by the manufacturing process, the feature produced will never be truly circular [19].In 
manufacturing environments, variations on circular features may occur due to erratic cutting action, inadequate 
lubrication, tool wear, defective machine parts, chatter, misalignment of chuck jaws, etc.[20].Roundness is one of 
the main functional product features in machining and assembly when handling, positioning and mating are involved 
[21]. ISO/TS 12181-2 suggests that the Minimum Zone criterion should be applied to evaluate roundness; it consists 
in finding two concentric circles containing the sampled profile having the minimum separation: these circles will 
define the “tolerance zone” [22].Traditionally, a roundness measurement is done on a conventional Roundness 
Measuring Machine (RMM). The RMM consists of a high-precision rotary machine, displacement sensors and a 
computer system [23]. 
2. The inspection method
This study present a vision based inspection method for roundness error of a machined part through an in-line 
approach. The objective is to investigate the roundness error using a developed model for in-line inspection. In-line 
inspection of the roundness error in this study was initiated based on the preliminary experiment performed in the 
laboratory. A special test rig was developed to provide for work holding and rotational motion of the automotive 
camshaft as a sample for cylindrical machined part. The developed test-rig consists of hardware and software that 
were integrated to perform the non-contact approach of the roundness measurement. Proper lighting technique and 
arrangement is required in order to have high contrast image quality of the particular details in the sample part. 
Theoretically, roundness measurement only applied to a circular cross section of cylindrical or tapered shaft or hole. 
Therefore, a section of the camshaft with cylindrical shape feature has been focused for its roundness error. In this 
research, cylindrical region with nominal diameter of 46 mm has been targeted during image acquisition and 
processing.
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2.1. System set-up for the non-contact measurement approach structure
The configuration of the system and how the motor, encoder and CCD camera were interfaced to the computer is 
shown in Figure 1(a). Basically the dynamic components of the system consist of bearing, fixed centre, belt and 
gear, and they were driven by a DC motor. The function of fixed centres is to hold the camshaft at both ends. The 
basic vision system consist of a CCD camera, image processing software, an image processing algorithm, an image 
processing board and a computer. Back lighting technique is used in order to obtain clear and sharp images of the 
part’s outer profile. Backlighting generates instant contrast as it creates dark silhouettes against a bright background.
The motor and CCD camera were interfaced to the computer via two cards that were slotted into the computer PCI 
host bus. One of the cards was the interface card connected to a DC motor to control the rotational movement of the 
camshaft. The other interface card was a frame grabber card where a CCD camera of the vision system was 
connected to channel available on the card. In order to obtain images at constant incremental angle, the motor was 
coupled with a rotary encoder. The speed of the motor can be controlled so that steady rotational motion of the shaft 
can be achieved for better image acquisition. Figure 1 shows the picture of the system calibration and in-situ test-rig 
for the non-contact roundness measurement system.
Fig. 1. Configurations for in-line inspection calibration and in-situ roundness measurement.
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Based on the experiment apparatus planning, preparation of the experimental set-up and spindle speed 
determination, the experiments were conducted in a machining workshop to represent the actual environment of the 
industrial manufacturing production floor. In order to evaluate a roundness error of cylindrical components, the part 
needs to be rotated on a fixed machine axis. A high speed precision lathe machine was used for this experimental 
work. The camshaft was clamped to the lathe machine’s chuck and it was rotated at difference angular speeds. 
While the camshaft is rotating, images of the camshaft were acquired using a camera. A high speed video camera 
was used to capture the images of the camshaft.
2.2. Computer algorithm  
Fig. 2. Overall algorithms for the image recognition techniques.
A computer algorithm that can accommodate image misalignment and variation has been developed in this 
project. The overall algorithm of computer program for the vision system is shown in Figure 2. Like any other 
signal-processing medium, vision systems contain noise. Some of this noise is systematic and comes from dirty 
lenses, faulty electronic components, and defective memory chips. Other noises are random and are caused by 
environmental effects or bad lighting. The net effect is a corrupted image that needs to be pre-processed in order to 
reduce or eliminate the noise. In addition, sometimes images are not of good quality, due to both vibrations and 
misalignment of camshaft; thus they have to be processed and improved before other analyses can be performed on 
them. In short, the objective of image processing is to process the image so that the result is more suitable for the 
searching of the calibration features and then for the extraction of the feature profile. In order to reduce some of the 
noise components, especially due to uneven distribution of lighting on the inspection area, a flat-field correction 
operation was applied. Random speckles in the camshaft image can also be considered as noise and are high 
frequency components since the pixel values of adjacent pixels change very rapidly. This noise may come from 
electric components or dust and dirt on the inspection area. Therefore, to eliminate the noise due to random 
speckles, a low pass filter was implemented after the flat-flied correction operation. The computer algorithm is 
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written in C-language under the WiT 8.2 software environment from Dalsa Technologies. In order to provide a clear 
understanding of the image processing involved, only one particular shaft image is shown in the further analysis of 
the pattern recognition techniques. This does not reflect the inflexibility of the pattern recognition techniques. 
2.3. Roundness evaluation model 
Roundness error is defined as the minimum radial separation of two bounding concentric circles which contains
an actual boundary of a measured section of a manufactured workpiece [28].The evaluation of roundness error in 
this study is based on the analogy given by the Minimum Zone Circle (MZC) method. MZC method is proposed to 
comply with the ANSI tolerancing definitions (ASME Y14.5M 1994) for form tolerances. Figure 6 shows the 
diagram of MZC method in roundness measurement. For MZC methods, a pair of concentric circle C1 and C2 with 
the minimum radius separation are determined, such that the measured points are contained between C1 and C2 
where R1 and R2 are the radii of C1 and C2 respectively as well as the centre is positioned at a point (xc, yc). 
The mathematical model can be formulated as;
Minimize R1 – R2 
Subject to: [ (xi   - xc)2 + (yi   - yc)2 ]1/2 İ R1
i = 1, 2, …, N ;
[ (xi   - xc)2 + (yi   - yc)2 ]1/2 ı R2
i = 1, 2, …, N ;
R1 ̢ R2 ı 0
RL İ R1,   R2 İ RU ; xL  İ xc İ xU ; yL  İ yc İ yU
The roundness error for MZC, eMZC can be simply expressed as;
eMZC  = R1 – R2
Fig. 3. Minimum zone circle and horizontal/vertical coordinates of target area.
The response variable for these experiments was set as the length of the target region of the inspected part by the 
mathematical model. Figure 3 shows the schematic view of the part image and its horizontal and vertical coordinates 
from the origin. Coordinate values of the points focused on the image are indicated as Point A and Point B. Since 
the part is round in shape, the length of target image is actually representing diameter of the shaft. Roundness of the 
cylindrical part could also be measured by establishing a relationship between this diameter (length) and the 
definition of roundness according to standard. According to the ASMEY14.5M-1994 (ASME, 1995) standard on 
dimensioning and tolerance, form error for a circular feature; roundness is the smallest gap between two concentric 
812   Muhammad Azmi Ayub et al. /  Procedia Technology  15 ( 2014 )  807 – 816 
circles within which each circular element of the surface must lie. In order to obtain the distance for axis of rotation, 
YC as shown in Figure 3, the average coordinate values for vertical directions was calculated according to equation 
(1). The average value denoted as YC.
In practical, the centre of image is the axis of rotation for the measured part. In this experiment, the average value 
YC was calculated to represent the centre of the image. A next step in the calculation was to obtain the length of the 
image from the centre for both upper and lower side using equation (2) and (3) respectively. These two lengths 
denoted as YU and YL as shown in Figure 8. From the calculation of YU and YL , the maximum and minimum 
length are identified.  
Since all the calculation above is using the image of the part, the unit in pixels needs to be converted into a metric 
unit for dimension of length. In this study, the length unit used is millimeter and the conversion is based on nominal 
diameter of the inspected. The average length (YAV) of the part in pixel is calculated from total number of images 
(n) counted for the roundness evaluation by using equation (4).
From the overall calculation of length YU and YL using equation (2) and (3), the maximum (Ymax) and 
minimum (Ymin) lengths are identified and converted into unit of millimeter to obtain the maximum (Rmax) and 
minimum (Rmin) radius of the part. Calculation of the Rmax and Rmin is carried out by using equations (5) and (6)
respectively.
Finally, roundness error of the part is calculated using these two radius values. The roundness error is evaluated 
in accordance with the minimum zone circle (MZC) criterion. In general, the minimum zone roundness error is 
evaluated with radial separation between the two concentric circles enclosing all the measured data points as 
expressed by equation (7).
Where;
RMZC: Roundness error (According to Minimum Zone Circle-MZC)
Rmax: The maximum radius Rmin: The minimum radius
Yେ =
1
n෍൤
Yଵ + Yଶ
2 ൨୧
୬
୧ୀଵ
  (1)
Y୙ =  Yେ െ  Yଵ (2)
Y୐ =  Yଶ െ  Yେ (3)
Y୅୚ =෍൤
Yଶ െ Yଵ
n ൨୧
୬
୧ୀଵ
  (4)
(5)R୫ୟ୶ = Y୫ୟ୶ ൤
1
Y୅୚  × D୬୭୫൨  mm
(6)R୫୧୬ = Y୫୧୬ ൤
1
Y୅୚  × D୬୭୫൨  mm
R୑୞େ =  R୫ୟ୶ െ  R୫୧୬ (7)
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3. Experimental results
Calibrations were carried out in order to analyze the effect of number of images in the evaluation of roundness 
using non-contact approach. The images of the shaft were captured at equally divided angle intervals. The roundness 
was calculated based on the equations and procedures as described earlier. The calculations of roundness were 
carried out by using the values of the length on the targeted circular cross section of the shaft. These lengths were 
obtained and collected through the programming in WiT image processing software. From the calculation of YU 
and YL, the maximum and minimum lengths are identified. From the calculation of YU and YL, the maximum and 
minimum lengths are identified for every set of image in this experiment. Figure 4 shows the plot for five datasets of 
25 images which the evaluations were carried out using 5 images up to 25 images.
Fig. 4. Graph of upper (YU) and Lower (YL) length against the angle of rotation for five datasets (25 images).
The reliability of the system was evaluated by constructing a plot that combined the maximum and the minimum 
lengths of every set of angle increment. Figure 5(a) plot the measured results for the maximum and minimum 
lengths for all datasets of 25 images. It can be seen that the maximum and minimum length are quite consistent for 
all number of images. In this experiment, the maximum length is 96.20 pixels (number of images are 9 and 17) and 
the minimum is 91.80 pixels (number of images are 9 and 17). The findings obtained from these experiment shows 
that the results were reliable for roundness evaluation by this non-contact approach. 
 
(e) 13 Datasets
 
(d) 17 Datasets
 
(c) 25 Datasets
 
(b) 5 Datasets  (a) 9 Datasets
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The consistency of data for both upper and lower lengths obtained from this evaluation indicates the potential of 
this non-contact approach to be further improved and developed for roundness measurement.
Fig. 5. (a) Results of the maximum and minimum length for 25 images; (b) Roundness measurement plot for variable camera speeds.
This section presents in-situ roundness measurement results from the experiment conducted using in-line inspection 
method. It is noted that the number of images obtained for roundness evaluation increase as the speed of camera 
getting higher during the measurement. Table 1 show the result of roundness evaluation for constant spindle speed 
of 540 rpm. Results of the roundness evaluation indicate a small variation among each dataset of the images 
captured at different camera speeds.  The maximum roundness value obtained from this experiment was 0.23mm.  
Meanwhile the minimum roundness obtained was 0.12mm. The difference in roundness error between the maximum 
and the minimum were 0.11mm and the roundness average value obtained was 0.15mm. Result of the experiments 
were plotted and shown in Figure 5 (b).
Reliability of the in-line inspection of roundness error using a high speed camera was evaluated by constructing a 
plot that combined the maximum and the minimum lengths of every set of camera speed. Figure 6 plot the measured 
results of the maximum and minimum lengths for all datasets of 150, 300, 500 and 800 f/s. Generally, it can be seen 
that the maximum and the minimum lengths were increase and decrease respectively as the speeds of camera 
increase. In this experiment, the maximum length is 198.0 pixels and the minimum length is 196.00 which were 
obtained at a same camera speed of 800 f/s.
Table 1. Roundness Evaluation Results for In-line Inspection.
The datasets from this experiment was also analysed using a plot of the profile that showed the shape and 
orientation of the roundness of the camshaft. The plots can be seen in Figure 6 for datasets of four camera speeds. It 
can be seen that the shape of the profile plot is getting detail as more numbers of images were counted in the 
roundness evaluation. Although the results for roundness error show a small different among each dataset, the 
profile plot with higher number of images are always recommended in order to achieve the closest shape to the 
actual circularity profile of the camshaft.
No. Camera Speed f/s Number of Frames Angle between Frames Roundness (mm)
1 150 17 21.6o 0.12
2 300 33 10.9o 0.14
3 500 56 6.5o 0.12
4 800 88 4.1o 0.23
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Fig. 6. Results of the maximum and minimum length for variable camera speeds.
4. Conclusions 
The approach of non-contact inspection to assess the roundness of an automotive camshaft was studied. The 
research developed a set of guidelines to inspect this form tolerance, from the development of test-rig for the 
measurement system to the analysis of the result based on image processing procedure and the developed 
mathematical models for roundness evaluation of the parts. 
The methodology of in-line measurement system by non-contact approach is successfully done by an appropriate 
set-up and models for roundness evaluation presented in this study. The proposed approach and mathematical 
models were analysed using several set of number of part images. The results showed that the non-contact 
inspection system for roundness error were effective and reliable enough to assess this form tolerance. This concept 
of measurement can be further improved to obtain better accuracy of the roundness error assessment. 
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